Abstract: The photosensitized generation of reactive oxygen species,a nd particularly of singlet oxygen [O 2 (a 1 D g )],i st he essence of photodynamic action exploited in photodynamic therapy. The ability to switch singlet oxygen generation on/off would be highly valuable,e specially when it is linked to acancer-related cellular parameter.Building on recent findings related to intersystem crossing efficiency,wedesigned adimeric BODIPY dye with reduced symmetry,w hich is ineffective as ap hotosensitizer unless it is activated by ar eaction with intracellular glutathione (GSH). The reaction alters the properties of both the ground and excited states,consequently enabling the efficient generation of singlet oxygen. Remarkably,t he designed photosensitizer can discriminate between different concentrations of GSH in normal and cancer cells and thus remains inefficient as ap hotosensitizer inside an ormal cell while being transformed into al ethal singlet oxygen source in cancer cells.This is the first demonstration of such ad ifference in the intracellular activity of ap hotosensitizer.
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Photodynamic therapy,w hich is based on the photosensitized generation of singlet oxygen by irradiation in the visible/ near-IR region of the spectrum, has been recognized as anoninvasive cancer treatment modality of great potential for some time; [1] however,its potential has not been fully realized owing to an umber of limitations,b oth practical and fundamental. [2] In principle,i ts hould be possible to localize irradiation to the area of the tumor, thus increasing spatial selectivity,b ut painful edemas are very common side-effects that are due to photosensitization in an unrelated part of the body.This fact prompted many in the field to propose the use of "activatable photosensitizers", [3] which are to be turned on only when cancerous tissue or cells are encountered;o therwise they are to remain in apassive state in which they are not capable of photosensitization even when the molecule happens to absorb aphoton of stray light.
Earlier examples [4] made use of pH differences between the extracellular medium of the tumors and normal tissues. Thed ifference (1-1.5 pH units) is actually found in the extracellular environment, not in the cytoplasm of the cells, [5] although the distinction is somewhat blurred in the current literature.The intracellular glutathione (GSH) concentration, which is reportedly higher in cancer cells, [6] was also exploited as am odulator; [7] however,n od ifferences in the photosensitization activity in cancer cells have been shown explicitly thus far.
Furthermore,t he two-module approach renders the activatable photosensitizer too large,i ns ome cases making it cell-impermeable,t hus limiting their potential. Also, extracellular GSH/biothiol activation reactions are nonspecific and do not improve the selectivity of photosensitization.
To incorporate GSH responsiveness into aphotosensitizer, we made use of arecent finding in our laboratories, [8] dimeric BODIPY dyes with unexpectedly high intersystem crossing (ISC) efficiencies [9] and low dark toxicity.T he latter charac-teristic is most likely due to al ack of heavy atoms,s uch as bromine or iodine,i nt he structure.T he unique excited-state (a doubly substituted tetraradical, DS-TR) properties of these bis(BODIPY)s is dictated by the orthogonal arrangement of the electronically similar subunits possessing ad egenerate pair of HOMOs and LUMOs. [9] When this similarity or orthogonality was altered, the ISC efficiency decreased significantly. [10] With these considerations in mind, we designed target molecule 5.T he synthesis is straightforward (Figure 1 ).
Extension of conjugation on one of the BODIPY dyes results in ad issymmetric dimer.C onsequently,adegenerate set of HOMOs and LUMOs is not available,g iving rise to an on-DS-TR state and resulting in poor ISC with very low photosensitization of molecular oxygen on excitation, which, together with other non-radiative processes,l eads to effective quenching of the excited state.Glutathione (GSH), which is present at higher concentrations in cancer cells,i s expected to add to the styryl double bond, electronically isolating the methylpyridinium (MP) substituent. Then ew charge-transfer system generated this way is expected to enable effective photosensitization.
Previous work suggested al ow photosensitization capacity for compound 5,w hich is electronically equivalent to two BODIPY dyes with no particular reasons for effective intersystem crossing.F or initial experimental verification of the facilitated ISC upon electronic isolation of the MP component by athiol addition, we carried out areaction with compound 5 and mercaptoethanol in dichloromethane (DCM). As the conjugate addition product was the expected outcome,wewere surprised by the actual product, reduction product 5r (Figure 2 ). Thep roduct was characterized by HSQC NMR spectroscopy and high-resolution mass spectrometry (Supporting Information, Figures S11-15, S22, and S23). Considering the ease of preparation, the reduced product 5r was used as model compound for GSH activation. Electronically,areduction of the styryl double bond or GSH conjugate addition to the same bond have the same effect. Our experiments with mercaptoethanol in aqueous solution showed that under these conditions,the thiol agent adds to the double bond of 5m as expected (Figure 2 ; supported by NMR and HRMS data, Figures S16 and S24). Furthermore,w ed emonstrated that the GSH adduct was obtained on treating 5 with GSH (HRMS and NMR data;F igures S25, S27 and S28). In biological media and inside cells,G SH adduct formation is the most likely outcome. Fora ni n-depth analysis of the electronic differences between 5 and 5r,w ec arried out computational studies:F rontier orbital plots and energies of 5 and 5r are depicted in Figure 3 . Interestingly,t he LUMO of 5r corresponds mainly to the LUMO of the MP module.T herefore,a fter S 0 !S 1 excitation, acharge transfer (CT) transition of the HOMO!LUMO type occurs from the unsubstituted BOD1 moiety to the electron-deficient MP ring. This (through-space) CT transition is the reason of ISC.Asignificant amount of spin-orbit coupling is central to changes of the spin state.W henever orbitals taking part in aCTexcitation are placed on orthogonal and separated donor- 
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Chemie acceptor moieties (HOMO and LUMO of 5r in Figure 3 ), the electronic transition is accompanied by al arge change in orbital angular momentum, which should be compensated by ac hange in the spin angular momentum, hence facilitating singlet-triplet hopping.
In line with the requirements for angular momentum change,f or 5r,t he donor MO lies in the yz plane and the acceptor MO in the xy plane (Figure 3 ). Our calculations suggest that BOD2 is transformed into as pacer upon conversion of 5 into 5r.T he effect of structural spacers on the electronics of CT transitions was recently discussed, [11] and the absence of spacers was shown to diminish the CT nature of excitation in twisted chromophores.Itisnoteworthy that the selection of the MP group as the acceptor was decisive as an analysis of the CT photophysics revealed that the LUMO of the MP moiety just fits below the LUMO + 1 orbital, which mainly corresponds to the LUMO of the BODIPY moiety (Table S8) . Therefore,t he reaction with GSH tunes the electronic structure and hence the excitation properties of the orthogonal bis(BODIPY) moiety by converting it into an ISC agent operating by CT.
Thec hanges in the absorption spectra are in accordance with the expectations (Figure 4) . Compound 5 has two distinct peaks in the visible region, corresponding to two distinct BODIPY structures.T he quaternary pyridinium moiety extends the p-conjugation for one of the orthogonal BODIPY units,l eading to al onger-wavelength absorption band with ap eak at 607 nm. Ther educed form 5r displays as ingle peak near 510 nm. These features could be reproduced by modeling the absorption spectra of 5 and 5r (Table S5;f or fluorescence spectra and other photophysical  parameters,see Figures S30-32 and Tables S1 and S2) .
To elucidate the excited-state dynamics of both the activatable photosensitizer 5 and the "activated" form 5r, we carried out time-resolved absorbance and fluorescence studies ( Figure 5 ; see also Figure S33 ). In any solvent studied, access to the triplet state of compound 5 seemed to be very inefficient. Even in relatively non-polar organic solvents,the T 1 signal was negligible.H owever,f or compound 5r,t he triplet manifold seemed to be easily accessible.I nT HF ( Figure S33 ), the triplet quantum yield was determined to be 14 %, and in n-hexane/THF (5:1), it was 47 %( Figure S33 , Table S3 ). In water and MeOH, the triplet signal vanished because of compound aggregation in these solvents (Table S3 ). Thet riplet lifetimes of 5r at 425 nm in argonsaturated CH 3 CN and THF are 8.76 msa nd 27.6 ms, respectively,w hich are long enough for reactions of the triplet excited state to occur.
Forcompounds 5 and 5r,the relative efficiencies of singlet oxygen generation were compared by using the trap compounds 1,3-diphenylisobenzofuran (DPBF) for organic media and 2,2'-(anthracene-9,10-diyl)bis(methylene)dimalonic acid (ADMDA) for aqueous solutions (Figures S36-44) . The positive control compound 3 is arather active photosensitizer of dissolved oxygen. As expected, owing to the shorter lifetime of singlet oxygen in aqueous solutions,t he response of the trap was slower in ab uffer/acetonitrile mixture; however, the difference between 5 and 5r was equally pronounced in this solvent. Thes inglet oxygen quantum . .
Communications 5342 www.angewandte.org yields for 5r were also determined in aqueous micellar systems,y ielding values of 24 %a nd 36 %, depending on the type of surfactant used ( Figures S45, 46 and Table S4 ). The generation of singlet oxygen with compounds 5r and 5m was also independently confirmed by 1 O 2 phosphorescence at 1270 nm ( Figure S47 ). As expected, 5 itself does not show such emissions.
Cell culture studies were also highly revealing.First, HeLa cells were incubated with 5 and 5r for four hours.A fter washing with Dulbecco'sp hosphate-buffered saline (DPBS) solution, the cells were irradiated with agreen light-emitting diode (LED) for 30 minutes,i ncubated for another three hours,a nd treated with the nuclear stains 4',6-diamidino-2-phenylindole (DAPI) and an Annexin V-AF594 conjugate (red-fluorophore-labeled apoptosis marker;A F = Alexa Fluor). Thec ontrol groups were incubated in the dark under identical conditions.T he cell viabilities were determined by as tandard MTT assay ( Figure 6 ).
Even at very low concentrations of pre-activated sensitizer 5r,asignificant decrease in the cell viability was observed (red bars in Figure 6b ). Forc ompound 5,c ell death was also detected, which suggests that 5 was intracellularly transformed into its active form (blue bars in Figure 6b ). No statistically significant changes were observed when the cells were kept in the dark, in the presence of the same amounts of photosensitizers 5 or 5r (Figure 6a) .
Af irst set of confocal microscopy images (Figure 7a ) show that the blue-emitting DAPI stain was localized in the nuclear region. Ac omparison of 5 and 5r under irradiation and in the dark revealed signs of nuclear condensation and fragmentation, indicative of apoptosis.S pecific staining of apoptotic membranes using red fluorescent Annexin V clearly confirmed that apoptosis took place on irradiation when the cells had been incubated with 5 or the positive control compound 5r (Figure 7and 
Chemie same conditions,H eLa cells displayed as urvival rate of only 38 %. Theo bserved differential activation is am anifestation of elevated GSH concentrations in cancer cells.A ddition of the specific GSH synthesis inhibitor buthionine sulfoximine (BSO) led to ac oncentration-dependent decrease in the photodynamic activity against HeLa cells ( Figure S50 ).
We also determined the GSH levels in different cell types using aspecific glutathione assay kit ( Figure S51 ). Thecancer cells that we studied had up to five-fold higher concentrations of GSH, which is in accordance with the observed photodynamic effects.T othe best of our knowledge,this is the first ever demonstration of selective GSH-dependent intracellular activation resulting in enhanced photocytotoxicity in cancer cells.
In conclusion, an elevated concentration of GSH was shown to cause the differential activation of aphotosensitizer that was designed, synthesized, and characterized in this work. Irradiation of this photosensitizer with LED light leads to as ignificantly higher cytotoxicity in cancer cells than in normal cells.C ell culture studies also revealed that the photodynamic action thus initiated triggered apoptotic cell death. We are currently working on the application of the findings of this proof-of-principle study in the practice of photodynamic therapy of cancer.
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